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Abstract 

 

 

Studying NaCl aerosol filtration holds significant importance for several reasons. It is 

commonly used as a standard challenge aerosol for testing air filter media because it resembles 

properties of many airborne particles. Additionally, filtration of NaCl aerosols plays a crucial role 

in various marine applications. In marine environment, which is abundant with NaCl aerosols, 

filtration of NaCl aerosols becomes imperative to protect air breathing equipment aboard high-

speed marine vessels like LCACs and ships. Equipment such as gas turbines and Solid Oxide Fuel 

Cells rely on clean air for optimal performance. Failure to filter NaCl aerosols can lead to their 

deposition on these equipment, resulting in corrosion and damage, thus reducing their operational 

lifespan. 

Traditional fibrous filters employ solid fibers such as glass fibers which has no intra-fiber 

porosity. They capture particulates onto the fiber surface using mechanism/s like inertial 

impaction, interception and diffusion. 

NaCl is hygroscopic in nature and exists in either solid, hydrated or liquid states depending 

on Relative Humidity (RH). Porous hydrophilic fibers can be utilized to wick these hygroscopic 

particles into their wet (i.e. condensed) pores, potentially enhancing both the filtration performance 

and the loading capacity when used as filter fibers. Therefore, this study investigates novel NaCl 

filtration mechanisms which are uniquely available to filter media composed of nanoporous 

hydrophilic fibers. 

The first mechanism involves the dissolution of dry, solid NaCl aerosols deposited onto the 

surface of Activated Carbon Fibers (ACFs) into the wet intrafiber porosity of ACFs. ACFs, which 

are hydrophilic fibers, have intrafiber pores condensed with water, even at low RH conditions due 

to a combination of physisorption, chemisorption and capillary forces. The dry NaCl particles get 
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dissolved and wicked into the water-filled pores, facilitated by the favorable thermodynamics of 

NaCl dissolution in water. The second mechanism involves direct wicking and capillary 

condensation of aqueous NaCl into the intrafiber porosity of ACFs. The third mechanism involves 

the utilization of nanofibers in the form of a floc, as opposed to a continuous layer spanning the 

entire flow path. Vapor Grown Carbon Fiber (VGCF) nanofiber floc has a high surface-to-volume 

ratio, and extensive intra-floc porosity. Traditional nanofiber filter media uses nanofibers as a 

surface layer which spans the entire flow path, increasing the flow resistance. If used in filtration 

of NaCl aerosols, these media will clog after brief use, and go into a high pressure drop state. The 

VGCF nanofiber flocs do not span the flow path, thus providing negligible flow resistance. The 

nanofiber flocs capture NaCl aerosols at low RH conditions via slip-flow, increasing filtration 

efficiency without anticipated increase in pressure drop. The flocs absorb wet NaCl aerosols in a 

sponge-like fashion. 

To elucidate these novel filtration mechanisms, a novel fibrous depth filter media comprising 

multi-scale, multi-domain porosity was designed by embedding VGCF nanofiber flocs into a 

matrix of ACFs, held together by a binder fiber. This media consists of three distinct porosity 

domains: 1) Intrafiber porosity of ACF (0.950 cm3/gm), 2) Intra-floc porosity of VGCF flocs 

(4.108 cm3/gm), and 3) Interfiber porosity among all fibers (11.7 cm3/gm). For comparative 

analysis, ACF filter media was synthesized without VGCF flocs to examine the impact of their 

absence on NaCl aerosol filtration. Similarly, filter media made of non-porous Graphite fibers 

were also included to understand the impact of the absence of intrafiber porosity on NaCl aerosol 

filtration. 

 This thesis comprises three different studies to understand the filtration of NaCl aerosols. 

The first study involves NaCl filtration using ACF filter media and Graphite filter media. Filtration 
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performance metrics including pressure drop, filtration efficiency, Quality Factor, and NaCl 

loading capacity were evaluated to understand the effect of intrafiber porosity on NaCl aerosol 

filtration. SEM and EDS analyses were performed to verify the movement of NaCl into the 

intrafiber pores of ACFs. The second study focuses on NaCl aerosol filtration using ACF media 

with and without VGCF flocs. Same filtration performance metrics were evaluated to assess the 

impact of nanofiber flocs on NaCl aerosol filtration. SEM and EDS analyses were also conducted 

to verify the transport of NaCl into the intrafloc porosity of VGCF flocs. Third study analyzes the 

deliquescence of NaCl aerosols and their interaction with ACFs, VGCF flocs and Graphite fibers. 

SEM and EDS (including Cl mapping) were performed to understand the interaction of aqueous 

NaCl with the three aforementioned filter fibers. 

The Quality Factor of ACF media with VGCF flocs was higher than Graphite media when 

filtering both low and high RH NaCl aerosols. This is due to slip-flow occurring at nanofiber 

surfaces of VGCF flocs enabling capture of NaCl aerosols without anticipated pressure drop. Due 

to wicking of NaCl in ACF nanopores combined with NaCl entrapment into highly porous VGCF 

flocs, the NaCl loading capacity of ACF media was 1200% (or 12X) higher than that of media 

made with non-porous Graphite fibers, on loading low RH NaCl aerosols. This capacity increased 

by another 315% (or 3.15X) when filtering high RH NaCl aerosols, due to ease of wicking liquid 

aerosol droplets into both ACF pores and VGCF flocs. The transport of NaCl inside the intrafiber 

nanopores of ACFs, as well as within the intra-floc porosity of VGCFs was confirmed by EDS 

analysis. 

The inclusion of VGCF nanofiber flocs into ACF media increased both the filtration efficiency 

and Quality Factor by a two-fold increase, compared to ACF media without VGCF flocs. This was 

observed at both low and high RH conditions. This is attributed to wall-slip at nanofiber surfaces 
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of VGCF flocs, enabling efficient capture of NaCl aerosols without anticipated increase in pressure 

drop. Without VGCF flocs, the ACF media showed unacceptable performance (FE and QF). 

Furthermore, at high RH, ACF media without VGCF flocs never reached a breakthrough point. 

The NaCl loading in ACF media with VGCF flocs increased by 315% on going from low RH 

condition to high RH condition. This enhancement at high RH is primarily due to wicking of 

aqueous NaCl directly into the extensive pore volume of VGCF flocs in a sponge-like manner, and 

secondarily due to wicking of aqueous NaCl directly into the intrafiber nanopores of ACFs. EDS 

analysis showed higher Cl:C ratio in the flocs compared to ACFs, particularly under high RH 

conditions, confirming the importance of VGCF flocs in ACF media for NaCl aerosol filtration. 

More importantly, preferential loading of VGCF flocs was observed with chlorine mapping, 

further emphasizing the importance of VGCF flocs in NaCl aerosol filtration. 

This study also confirmed the deliquescence of NaCl particles on different filters and 

investigated the interaction of the deliquesced NaCl with various filter fibers including ACFs, 

VGCF flocs and Graphite fibers. Deliquescence of NaCl was observed in all these fibers on 

exposing humid (75% RH) air to the samples loaded with NaCl. Although optical microscopy was 

not able to capture the phenomenon of wicking of deliquesced NaCl into ACF pores, it was able 

to capture the wicking of aqueous NaCl into VGCF nanofiber flocs. The deliquesced NaCl 

remained on the surface of the Graphite fiber as droplets. 
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1 Chapter 1: Introduction and Objectives 

 

 

1.1 Introduction to aerosols 

Aerosol refers to the suspension of solid or liquid particles in a gas, where these particles have a 

minimal settling velocity. These refers to particles smaller than 100 µm [1]. Different aerosol particles 

fall under different size ranges, as depicted in Figure 1.1. 

 

Figure 1.1 Classification of different types of aerosols by types [2] 

1.2 History of aerosol filtration  

The history of aerosol filtration is over 2000 years old, almost dating back to Roman times. 

ñIndustrial dustò in mines in Egypt was mentioned in Natural History of Pliny the Elder (ca a.d. 50) 

and Julius Pollux (ca a.d. 150) who proposed loose bladders for preventing dust inhalation. Leonardo 
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da Vinci introduced wet clothes as protection from fumes used in warfare. In 1860 Louis Pasteur 

demonstrated the need for medical respirators to prevent airborne organisms from causing putrefaction. 

Smoke filters were developed in the 19th century to protect firefighters from fire smoke. Gas masks 

and respirators were used to prevent inhalation of toxic chemicals during World War I. Fibrous pads 

was developed in 1930 in Germany which used adsorption as filtration mechanism. Hansen in 1930 

discovered that powdering wood filter pads with resin increased filtration efficiency. During World 

War II several types of fibrous materials in different forms were used as fibrous filters. Pore filters like 

cellulose membrane, metal membrane etc. were also developed for separating fine particles dispersed 

in gases [3], [4]. 

Filtration mechanisms also have a long history. Brownian motion was studied in the early 1800s. 

In 1920s it was discovered that maximum penetration occurred at 0.1-0.2 ɛm particle radius. Kaufman, 

in 1936, combined theories of small particle filtration by Brownian motion and larger particles by 

inertial impingement. Particle diffusion and direct interception was proposed by Langmuir in 1942 and 

1946. Isolated fiber theories were developed by Davies in the 1950s. Yoshika studied the effects of 

gravitational deposition and clogging in the 1970s. Darcy law was used to initially describe filter 

resistance. Pich in 1966 related pressure drop to Knudsen number. Description of airflow field through 

fiber filter was made by Kuwabara in 1959. Since then, many different theories regarding new concepts 

of filtration, resistance, adhesion of particles, testing methods etc. have been developed and are still 

being developed [3], [4]. 

1.2.1 Importance of NaCl aerosol filtration 

NaCl aerosols are commonly used as challenge aerosols for evaluating filter media used in 

various applications. It is because they have uniform particle size distribution (0.1 to 3 µm) and allows 

for a consistent and repeatable testing of filter media. In addition, they are non-toxic and chemically 
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inert to use in laboratory settings. Moreover, they are also highly stable and exhibit minimal 

coagulation which helps maintain their characteristic throughout testing process. From filters used in 

semiconductor cleanrooms, hospital theaters, commercial buildings to nuclear facilities all are tested 

using NaCl aerosols. 

NaCl aerosol is the principal component of marine aerosols [5], [6], [7]. Ships and marine vessels 

require clean air onboard for crew members. These vessels also have essential equipment such as 

turbines and solid oxide fuel cells that require clean air. If unfiltered NaCl aerosols along with other 

marine aerosols deposit onto the equipment causing corrosion as shown in Figure 1.2.  

 

Figure 1.2 Corrosion of gas turbine due to sea salt deposition [8] 

1.3 Fundamental aerosol filtration mechanisms 

NaCl aerosol particulates range in diameter from 0.1 to 10 ɛm. The filtration of particulates 

below 2 ɛm, and specifically in the ca. 0.1 to 0.3 ɛm (MPPS), is a fundamentally much more difficult 

and challenging task. Figure 1.3 demonstrates four predominant fundamental filtration mechanisms: 

Inertial Impaction, Diffusion, Interception and Sieving. 
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Figure 1.3 Common filtration mechanisms [8] 

The sieving mechanism requires extremely low contaminant loads to be effective long term. 

For particulates below 2 ɛm, three fundamental filtration mechanisms: Inertial Impaction, Interception 

and Diffusion, come into play simultaneously.  

Inertial impaction applies to particles larger than 1 ɛm. This mechanism occurs for particles 

with high inertia/momentum which causes it to divert it from the streamline and collide with the fiber. 

The particulates flow in a straight path, and once it reaches close to the fiber, they leave the flow path 

due to inertia and impacts the filter fiber where it is attached and held in place, as shown in Figure 1.3 

[8].  

Diffusion mechanism is a primary mechanism for particulates less than 0.1 ɛm diameter. These 

particulates are not held by viscous forces in the fluid and can diffuse randomly within the flow stream, 

depending on its interaction with nearby particulates and gas molecules. These diffusing particulates 

collide with the fibers and are captured [8]. The diffusion refers to Brownian motion of small particles 

to the fibers where they are attracted and held by van der Waalôs force. Brownian motion occurs when 
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the aerosol particle size is comparable to the mean free path of gas molecules (0.06 ɛm in air) [3]. The 

random path during Brownian motion is longer than the streamline path, hence the probability of the 

particles getting captured is very high. Particles greater than 0.3 ɛm in diameter do not have significant 

Brownian motion in air.  

Interception mechanism refers to the phenomenon when particle flowing in the fluid streamline 

gets captured by the filter fiber when it comes within one particle radius of the filter fiber. It is one of 

the main mechanisms for mid-sized particulates (between 0.1 and 1 ɛm in diameter) which are not big 

enough for inertial impaction but are not small enough to diffuse. These particulates will just follow 

the flow stream, touch the fiber, and get trapped [8]. This mechanism is applicable only for streamlines 

that are close enough to the filter fiber.  

There also exists a fifth kind of mechanism called electrostatic deposition, which is based on 

the charge of the filter fiber and the particles. A charged fiber can attract a counter charged particle by 

inducing electric field. It can also attract counter charged particles via image effect of charge [3]. 

Electrostatic filters have the advantage of increasing the filtration efficiency without increasing 

pressure drop. However, these filters are less reliable due to decreased filtration efficiency as a result 

of loss of charge with time. The loss of charge can be caused due to neutralization and/or dirt coverage 

on fibers. Also scaling up of these filters on manufacturing scale is difficult [9]. Gravitational settling 

is another mechanism which is only effective for particulates above 10 ɛm in diameter. 

 

 

Figure 1.4 Electrostatic capture and gravitational settling mechanisms 
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For NaCl aerosols the three most important filtration mechanisms that take place are diffusion, 

interception and inertial impaction. The dominant filtration mechanism depends on the aerosol particle 

size. There exists a range in the 0.04 to 0.4 ɛm particle diameter where no mechanism is strong enough 

to remove the particle. This phenomenon occurs because particles in this range are too small to be 

removed by inertial effects and are too large to for Brownian motion to assist them in leaving the flow 

stream to encounter the filter fibers. There is a dip in the filtration efficiency curve denoting this range. 

The particle size corresponding to the lowest point on the dip is called the Most Penetrating Particle 

Size (MPPS) which has the lowest filtration efficiency value. 

 

Figure 1.5 Most Penetrating Particle Size (MPPS) region on the combined filtration efficiency curve 

resulting from diffusion, inertial impaction and interception mechanisms 

1.3.1 Total Filtration Efficiency Model  

All these mechanisms describe sticking filtrate to the outside, i.e. the exterior surface of the 

fiber. The gas flows around the fiber and using these mechanisms the particulates stick to the surface. 
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The combined effect of all these mechanisms is described by the Total Filtration Efficiency model [8], 

[3], [10], [4], [11], [12], [13], given by Equation 1.1, where Ŭ is the fiber packing density 

(dimensionless), t is the filter thickness in m, R is the fiber diameter in m, EɆ is total single fiber 

efficiency and includes the contributions of all the mechanisms noted above. EɆ is dimensionless and 

is a number between 0 and 1, with 1 being 100% removal efficiency. 

Ὁ ρ Ὡὼὴ
τ‌Ὁὸ

“Ὑ
           ὉήόὥὸὭέὲ ρȢρ 

1.3.2 Single Fiber Filtration Efficiency Model 

The Single Fiber Filtration Efficiency is given by equation 1.2, where ED stands for efficiency 

of diffusion, ER stands for efficiency of interception and EI stands for efficiency of inertial impaction. 

Ὁ ρ Ὁ Ὁ Ὁ                ὉήόὥὸὭέὲ ρȢς 

Efficiency of diffusion mechanism:   Ὁ  ρȢφ ὖὩὅὅͼ 

 where ὅ ρ πȢσψψὑὲ  and ὅͼ  
 

 

Efficiency of interception mechanism:   Ὁ πȢφ   Ὑ  

Efficiency of inertial impaction mechanism:  Ὁ πȢπσστὛὸὯ 

 The dimensionless numbers in the above equations are defined as follows: 

Peclet number: ὖὩ  

Stokes number: ὛὸὯ  

Kuwabara number: ὑό ὰὲ πȢχυ‌ πȢςυ‌  

Knudsen number: ὑὲ ς  
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 where U is the air flow velocity in m/s, D is the coefficient of Brownian diffusion in m2/s, ɚ is 

the gas mean free path, Ŭ is the packing density (unitless), ɟp is the particle density in kg/m3, ɛ is the 

air flow viscosity in Pa.s, dp is the diameter of the aerosol particle and df is the fiber diameter in m 

respectively. 

1.3.3 Fibrous filter media 

There are two types of fibrous filter media: woven and non-woven. Woven filter media are dense 

and have low porosity. There is high resistance for flow due to form drag. This results in a large 

pressure drop across the media. Pressure drop is indicative of energy consumption; hence these woven 

filter media are not energy efficient. 

1.3.3.1 Non-woven filter media 

Majority of fibrous filters used for aerosol filtration are made of non-woven fibrous media. Non-

wovens are defined by to ISO 9092 and CEN EN 29092 standards. ISO 9092 defines non-wovens as 

ñfibrous assembly, primarily planar, which has been given a designed level of structural integrity by 

physical and/or chemical means, excluding weaving, knitting or papermakingò [14]. Whereas BS EN 

29092 defines non-wovens as ñA manufactured sheet, web or batt of directionally or randomly 

orientated fibers, bonded by friction, and/or cohesion and/or adhesion, excluding paper and products 

which are woven, knitted, tufted, stitch-bonded incorporating binding yarns or filaments, or felted by 

wet-milling, whether or not additionally needled. The fibers may be of natural or man-made origin.ò 

[15]. Non-woven filters are made using various materials like polyamides, polyester, polypropylene, 

polyacrylonitrile, polyvinyl chloride, glass fiber, steel fibers etc. The four methods of producing non-

woven filter media are drylaid, wetlaid, airlaid and spunlaid. The filter media prepared using these 

methods are consolidated using either mechanical, thermal or chemical processes [1]. 
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1.3.3.1.1 Non-woven nanofiber filter media 

Non-woven nanofiber filter media have become more popular in the past two decades because 

they have higher voidage than woven filter media, enabling air to flow with lesser pressure drop. 

Commercially, non-woven nanofiber filter media is prepared by spraying a polymer nanofiber layer on 

the surface of a network of micron sized polymer or glass fibers using electrospinning process, as 

illustrated in Figure 1.6a. These nanofiber filter media work great for low particulate loading 

applications like semiconductor cleanroom, respirators, HVAC systems etc. However, they are less 

suitable for applications requiring filtration of higher particulate loads. When used in high loading 

applications, the surface nanofibers quickly retain a layer of filtrate (i.e. filter cake) and go to a high 

pressure drop state after brief usage. 

1.4 Research objectives 

A novel non-woven nanofiber filter media was designed for NaCl aerosol filtration with the goal 

to improve filtration performance and enhance the filter life. This novel filter media was designed by 

embedding flocs of Vapor Grown Carbon Nanofibers (VGCFs) within the matrix of micron-sized 

Activated Carbon Fibers (ACFs) as depicted in Figure 1.6b. 

 

Figure 1.6 Different types of nanofibers inclusion a) Nanofibers that span the air stream (commercial 

media) b) Nanofiber flocs embedded within microfiber matrix made of porous ACFs 



34 
 

 

Figure 1.7 a) Surface filtration mechanism b) Depth filtration mechanism c) Pressure drop vs dirt 

load for surface filter and depth filter 

The commercial nanofiber filter media employs a surface filtration mechanism, as depicted in 

Figure 1.7a. The presence of a spanning nanofiber layer on the surface leads to increased form drag, 

resulting in the formation of a filter cake after brief usage. The pressure drop increases rapidly as more 

NaCl is loaded onto the media, as shown in Figure 1.7c. In contrast, the novel ACF filter media with 

VGCF floc utilizes a depth filtration mechanism. Due to high voidage and highly porous VGCF flocs 

and ACF fibers, it experiences less form drag. Initially , the depth of the media is filled completely 

before surface filtration commences. As a result, the pressure drop increases slowly during depth 

filtration, and rapidly once surface filtration commences, as depicted in Figure 1.7c. 

More importantly, the ACF media with VGCF flocs utilizes two new filtration mechanisms for 

filtering NaCl aerosols. The first mechanism involves wicking and capillary condensation of liquid 

NaCl aerosols directly into the intrafiber nanopores of ACFs and intrafloc pores or VGCFs at high RH. 

The second mechanism involves dissolution of otherwise solid NaCl aerosols deposited onto the 
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surface of ACF fibers (at low RH) into their nanopores because these pores are already condensed with 

water (even at low RH). These mechanisms help enhance the NaCl loading capacity of the filter media. 

1.4.1 NaCl aerosol filtration via porous fiber  

Activated Carbon Fibers (ACFs) are highly hydrophilic, and easily absorb moisture to 

completely fill its intrafiber nanopores, even under low RH conditions. Therefore, the water within 

these nanopores can be utilized as a warehouse for continuous NaCl entrapment until saturation is 

achieved. Assuming that the nanopores contain saturated NaCl solution, potential mass of NaCl wicked 

into different types of commercially available ACFs have been calculated, as presented in Table 1-1. 

It was found that ACFs could potentially accommodate up to 48 g/m2 of NaCl into its condensed pores. 

This calculation was based on the pore volume outlined in Table 1-1. ACF media with the highest pore 

volume, i.e. Toyobo 2500 ACFs, has the highest NaCl loading capacity. Hence, as the pore volume of 

ACFs increases, so does the potential mass of NaCl that can be loaded into their pores. This highlights 

the exceptional suitability of ACFs for NaCl aerosol filtration, a key component utilized in our 

innovative filter media. 

No. ACF Type BET Surface 

Area (m2/g) 

Pore Volume per 

g of sample 

(cm3/g) 

Pore Volume 

per cm2 of 

sample 

(cm3/cm2) 

Potential mass of 

NaCl dissolved 

in ACF (g/m2) 

1. Kynol Cloth 1000 0.468 0.008 26 

2. Kynol Felt 1000 0.582 0.01 32 

3. Toyobo Felt 1600 0.797 0.014 45 

4. Toyobo Fiber 2500 0.88 0.015 48 

5. Glass Fiber N/A 0 0 0 

Table 1-1 Pore volume and potential mass of NaCl wicked by different Activated Carbon Fibers 

Activated Carbon Fibers have a large specific surface area due to their extensive nano-porosity, 

as shown in Figure 1.8. The IUPAC has classified a pore of internal width less than 2 nm as micropores, 
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pore of internal width between 2 and 50 nm as mesopore and pore of internal width greater than 50 nm 

as macropores [16]. The BET analysis of ACFs used in this study demonstrated the presence of 

mesopores and macropores, as shown in Figure 1.9. Mesopores were found to be the predominant pore 

type.  

 

 

Figure 1.8 Different types of pores in an ACF 

 

Figure 1.9 Pore size distribution of ACFs used in filter media for this study 
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1.4.1.1 Adsorption of water in ACFs 

Past study has shown that the water adsorption on pores of activated carbon fibers are due to 

physical adsorption phenomena and chemical interaction with surface functional groups [17]. 

1.4.1.1.1 Physical adsorption of water in ACFs 

The physical adsorption of water vapor in the mesoporous ACFs is dominated by the 

interactions between water molecules and the pore walls of ACFs, as well as attractive interactions 

between water molecules. This leads to multilayer adsorption and capillary (pore) condensation in 

mesopores. The water vapor condenses to a liquid phase inside the pores at a pressure less than the 

saturation pressure P0 of the bulk water [18]. The stability of adsorbed multilayer water film at the pore 

wall is determined by the attractive water-wall interactions and the curvature of the liquid-vapor 

interface. At a critical lc, pore condensation (e.g. of phase transition) occurs in the core of the pore, 

controlled by intermolecular forces in the core water. 

 

Figure 1.10 Adsorption of water occurring in mesopores [18], [19] 

Pore condensation represents a first-order phase transition from a gas-like state to a liquid-like 

state of the pore fluid, occurring at a chemical potential µ less than the value of µ0 at gas-liquid 

coexistence of the bulk water. The relative pressure where this condensation occurs depends on the 

pore diameter. The relationship between the pore size and the relative pressure where capillary 

condensation occurs can be described by the classical Kelvin equation. 



38 
 

1.4.1.1.1.1 Kelvin Equation 

The Kelvin equation describes how the equilibrium vapor pressure of a liquid in a small pore, 

like those found in ACFs, increases with decreasing pore size due to increased curvature of the 

meniscus formed by the liquid-vapor interface. In the case of water in mesopores of ACFs, as the pore 

size decreases, the curvature increases, causing the equilibrium vapor pressure to rise. This elevated 

pressure allows water molecules to condense into the liquid phase within the pore, even at temperatures 

below the bulk saturation temperature, leading to pore condensation. The Kelvin Equation is 

represented by Equation 1.3 [20], [21]. 

Ў‘ ‘ ‘ ὙὝὰὲὖὖϳ  ς‎ὧέί—ȾὶЎ”ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣ%ÑÕÁÔÉÏÎ ρȢσ 

ὙȡὟὲὭὺὩὶίὥὰ Ὣὥί ὧέὲίὸὥὲὸ 

‎ȡὛόὶὪὥὧὩ ὸὩὲίὭέὲ έὪ ὸὬὩ ὰὭήόὭὨ 

—ȡὅέὲὸὥὧὸ ὥὲὫὰὩ έὪ ὸὬὩ ὰὭήόὭὨ ὥὫὥὭὲίὸ ὸὬὩ ὴέὶὩ ύὥὰὰ 

Ў”  ” ”  

”ȡέὶὸὬέὦὥὶὭὧ ὰὭήόὭὨ ὨὩὲίὭὸώ ὥὸ ὦόὰὯ ὧέὩὼὭίὸὥὲὧὩ 

”ȡὫὥί ὨὩὲίὭὸώ 

ὶȡὓὩὥὲ ὶὥὨὭόί έὪ ὧόὶὺὥὸόὶὩ έὪ ὸὬὩ άὩὲὭίὧόί έὪ ὴέὶὩ ὰὭήόὭὨ 

ὖȡὉήόὭὰὭὦὭὶόά ὴὶὩίίόὶὩ 

ὖȡὛὥὸόὶὥὸὩὨ ὴὶὩίίόὶὩ ὦόὰὯ ὰὭήόὭὨ 

Note: In a cylindrical pore the condensed liquid reveals a hemispherical meniscus and the mean  

radius of curvature corresponds to the pore radius (i.e., the Kelvin radius). 

If  ” Ḻ” at the boiling point and complete wetting (ɗ = 0) is assumed, the following version 

of Kelvin equation is used. 

ὰὲὖὖϳ  ς‎ὠȾὶὙὝ 

 

ὠȡάέὰὥὶ ὺέὰόάὩ έὪ ὸὬὩ ὧέὲὨὩὲίὩὨ ὰὭήόὭὨ 

ὶȡὶὥὨὭόί έὪ ὸὬὩ ὴέὶὩ 

1.4.1.1.2 Chemical adsorption of water in ACFs 

The chemical adsorption of water in ACFs is governed by the interaction of water with oxygen 

and other functional groups as shown in Figure 1.11. 
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Figure 1.11 Nitrogen and oxygen surface groups on activated carbon [22] 

The oxygen functional groups enhance the uptake of water even at low pressures. This is due 

to the electrostatic partial charges of the oxygen functional group. Among oxygen functional groups, 

carboxylic groups showed the highest affinity towards water molecules [23]. It was found that water 

molecules initially absorb around the oxygen functional group and then form clusters which grow as 

more water molecules are added at higher pressure. Nitrogen and sulfur functional groups also have 

been found to have similar effects on water adsorption [24], [25]. However, absorption of water can 

also be affected by the concentration, location and distribution of functional groups, pore size 

distribution, pore connectivity, temperature etc. 

The water absorption process in carbon is explained in four stages. First the cluster of water 

forms, secondly the cluster grows and coalesces, thirdly the micropores filling occurs and finally the 
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mesopores fill up [26]. A schematic description of water adsorption in carbon materials is shown in 

Figure 1.12. 

 

Figure 1.12 A schematic description of water adsorption in carbonaceous materials 

1.4.1.2 Wicking of NaCl aerosols into wet ACFs 

The wicking of NaCl aerosols into wet (i.e. water condensed) ACFs can be explained 

thermodynamically by the concept of heat of dissolution (ȹH) and Gibbs free energy (ȹG). The Gibbs 

free energy is given by Equation 1.4. Solid and pure crystalline NaCl and pure water want to be an 

aqueous solution of higher ȹS and lower ȹH, for each Na and Cl being solvated by a hydration sphere 

of water molecules. This helps minimize the Gibbs free energy (ȹG), which is thermodynamically 

favorable. Therefore, NaCl aerosols can be continuously wicked into the condensed pores of ACFs 

until saturation is reached. 

ЎὋ ЎὌ ὝЎὛȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣ%ÑÕÁÔÉÏÎ ρȢτ 

where, 

ЎὋȡ ὋὭὦὦί ὊὶὩὩ ὉὲὩὶὫώ 

ЎὌȡ ὉὲὸὬὥὰὴώ ὧὬὥὲὫὩ 

ЎὛȡ Ὁὲὸὶέὴώ ὧὬὥὲὫὩ 
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1.4.2 NaCl aerosol filtration via nanofiber floc  (utilization of wall -slip) 

Nanofibers have been used in air filter media for the past two decades [27], [28]. However, they 

have been used mostly as surface layer or coating on top of a substrates made of micron-sized fibers. 

Some common substrates are nonwoven fabrics, paper substrates, glass fiber substrates, polymer films, 

membrane filters etc. The nanofibers are deposited onto the substrate using techniques like 

electrospinning, melt blowing, coating etc. Although these nanofiber filters have high filtration 

efficiency, they have high air resistance due to the spanning nature of the nanofiber layer. Particularly 

for applications requiring high particulate loadings, these filters are ineffective because they clog after 

a brief usage. Moreover, these electrospun nanofiber filters are difficult to produce industrially [27], 

[28], [29]. A better approach of incorporating nanofibers into filter media is necessary. 

Incorporation of nanofibers in the form of a floc has the potential to enhance the filtration of 

NaCl aerosols because it has high surface-to-volume ratio and would not span the entire flow stream, 

leading to reduced pressure drop. It can entrap NaCl particles into its intra-floc porosity through slip-

flow mechanism occurring over its nanofibers, thus potentially enhancing the NaCl loading capacity. 

Moreover, its high freeness allows for seamless integration into continuous paper machine 

manufacturing processes. The nanofiber flocs easily disperse in water producing uniform filter media. 

On calendaring or compression, the flocs transform into a contiguous contact with high porosity. This 

study investigates the effect of incorporating nanofibers in the form of a floc on the filtration of NaCl 

aerosols in different phases. Filtration performance metrics including filtration efficiency, pressure 

drop, quality factor, and NaCl loading capacity are evaluated to determine the efficacy of VGCF flocs 

in NaCl aerosol filtration. Analytical techniques such as SEM and EDS are utilized to quantify the 

results. 
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1.4.3 Effect of RH on NaCl particulates 

NaCl is hygroscopic in nature, therefore it exists in different physical states (i.e. phases) under 

different RH conditions. The water coverage is ~0.5 layer at 35% RH, 0.5 to ~1 layer from 35% to 

40% RH, 2.5 layer at 45% RH and more than 3 layers (resembling bulk water) above 50% RH [30]. At 

a certain relative humidity NaCl aerosol crystal takes up enough water to form a saturated solution of 

NaCl. This is known as the Deliquescence RH (or DRH). NaCl aerosol has a theoretical deliquescent 

point of 75% RH [5]. When liquid NaCl aerosols are exposed to increasingly lower RH, they crystallize 

at a certain RH. This RH is known as the Efflorescence RH (ERH). NaCl aerosol has a ERH of å45% 

RH [31], [32]. Figure 1.13 illustrates the evolution of NaCl particle diameter as a function of relative 

humidity. Between ERH and DRH, NaCl remains in a metastable state. 

 

Figure 1.13 Evolution of NaCl aerosol diameter as a function of relative humidity 

One of the objectives of this work is to investigate the interaction of NaCl aerosols in dry, 

hydrated, and aqueous forms with different types of filter fibers (e.g. ACF, VGCF flocs, Graphite etc.) 

and how these interactions affects the filtration mechanism like wicking. 
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1.5 Filtration performance metrics 

Various filtration performance metrics are used to evaluate the effectiveness of an air filter media in 

removing particles from air. Filtration efficiency, Quality Factor and Dirt (i.e. NaCl) loading capacity 

are the key metrics used to evaluate the performance of filter media in this thesis. 

1.5.1 Filtration efficiency  

Filtration efficiency (E) is the most important metric used to measure the performance of a filter. 

It primarily depends on the type of filter media used. It also depends on particle size of filtrate, filtration 

area and filtration velocity. The average filtration efficiency can be evaluated using equation 1.5, 

according to ASHRAE 52.2 Standard [33], where nup is the number of particles upstream and ndown is 

the number of particles downstream of the filter media. It is expressed as a number between 0 and 1. 

Theoretically, filtration efficiency has been modeled by Total Filtration Efficiency Model which has 

been discussed in the previous section. 

Ὁ
ὲ ὲ

ὲ
          ὉήόὥὸὭέὲ ρȢυ 

1.5.2 Pressure drop 

The filtration efficiency is directly proportional to pressure drop across the filter media. 

Pressure drop across a filter media corresponds directly to the energy consumption since it is indicative 

of the work done by the blower to push air through the filter [34]. There is a tradeoff between pressure 

drop and filtration efficiency, hence an optimization must be done for optimal filtration performance. 

Pressure drop across a filter media is a function of face velocity of air passing through it and is related 

by Equation 1.6, known as Darcyôs law [35]. 

ɝὖ ὃὠ         ὉήόὥὸὭέὲ ρȢφ 
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Figure 1.14 Pressure drop profile across filter according to Darcyôs law 

Figure 1.14 shows that according to Darcyôs law, the pressure drop across the filter varies 

linearly with face velocity. Quadratic and third order dependence of pressure drop with high velocities 

may be seen due to compression of the filter media or due to filter design. 

1.5.3 Quality factor  

Filtration process consumes energy in the form of pressure drop (i.e. PV work). The cost-benefit 

ratio of filtration process is defined in terms of Quality Factor (QF), which is defined by equation 1.7, 

where ɔ is the fractional capture of particle per thickness (dimensionless), t is filter thickness in m, ȹP 

is pressure drop across the filter in Pa and E is the total filtration efficiency (dimensionless). The 

Quality Factor is fundamentally defined as filtration efficiency divided by the pressure drop through 

the media. Quality Factor can also be defined as the ratio of fractional capture of particles per unit 

thickness divided by the pressure drop per unit thickness. 
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The Quality Factor can depend on many variables including: gas temperature, gas pressure, gas 

face velocity, gas viscosity, RH, particulate size, particulate composition, particulate shape and many 

filter properties including fiber diameter, composition, orientation, volume loading, media thickness, 

hydrodynamic entrance, exit conditions etc. The Quality Factor also incorporates the fundamental 

filtration mechanisms discussed above. 

1.5.4 Particle (i.e. NaCl) loading capacity 

The filtration efficiency, pressure drop, and Quality Factor changes with time, as more 

particulates get entrapped by the filters [11]. Particle loading capacity is defined as the quantity of 

contaminant a filter can trap and hold before the maximum allowable back pressure drop is reached. It 

is indicative of the filter lifetime [36]. As the particle loaded into the filter increases, the pressure drop 

across the filter media also increases. Hence, depending on the power consumption, the upper limit to 

pressure drop is defined, after which the filter is replaced. Filters with high particle loading capacity is 

desired, but these filters also have low filtration efficiency. Hence optimization should be performed 

according to both parameters. Different fiber materials and packing densities can lead to different 

particle loading behaviors. A particle loading curve shows the pressure drop as a function of particle 

loaded onto the filter media. 
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Figure 1.15 A particle loading curve which indicates increase in pressure drop across filter as a function 

of time, as more particulates are entrapped by the filter 

A typical particle loading curve is shown in Figure 1.15. The curve has two distinct parts. The 

pressure drop increases slowly at the beginning and transitions into a phase with rapid increase in 

pressure drop. The slow initial increase in pressure drop is due to loading of particulates inside the 

depth of the media. Once the depth of the media is filled, the filter gets clogged, and a filtrate cake is 

formed which acts as a surface filter. The filter cake results in a higher pressure drop. Generally, filters 

are used until they reach the transition point between depth loading and surface loading as shown in 

Figure 1.15. 

1.6 Particle spectrometer used in the study 

The aerosol spectrometer used to sample and count NaCl aerosol particles, needed for calculating 

the filtration efficiency of the various filter media used in this study, is Laser Aerosol Spectrometer 

Model 3340 by TSI, shown in Figure 1.16 [37]. It is an optical-scattering laser-based spectrometer. 

This spectrometer counts particles ranging from 90 nm to 7.5 µm and the particle data are binned into 
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up to 100 user defined size channels. The spectrometer has a built-in computer with an interface that 

allows control, setup, data reporting and collection. 

 

Figure 1.16 Laser Aerosol Spectrometer 3340 by TSI [37] 

1.6.1 Theory of operation of LAS 

The spectrometer measures the size of the NaCl particle based on the amount of light scattered 

by the particle as it passes through an intense laser beam. The particles are confined to the centerline 

of the laser beam by sheath air. This spectrometer uses a He-Ne gas laser in a patented cavity, as shown 

in Figure 1.17. NaCl particle produces light pulse when it passes through the laser beam, which is 

sensed by a pair of solid-state photodetectors. This is then analyzed by four cascading amplifier stages 

connected to analog-to-digital converters to determine their size. 

 

Figure 1.17 Intracavity Laser used in LAS 3340 [37] 
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1.7 Characterization techniques utilized 

Several characterization techniques were used to analyze and characterize filter materials at 

various stages of the experiments.  

1.7.1 Optical microscopy 

Optical microscopy is the primary method to examine the microstructure of materials. The 

object is placed one or two focal lengths from an objective lens at position A, as shown in Figure 1.18. 

Light rays emitted from the object converge at the objective lens and then focused on position B to 

form an inverted magnified image. The light rays further converge at the second (projector) lens to 

form the final magnified image at position C. 

 

Figure 1.18 Image formation in an optical microscope [38] 

Optical microscopy was used in this work primarily to observe the deliquescence of NaCl 

particles when exposed to high RH air. Using optical microscopy, the deliquescence and subsequent 

interaction of liquified NaCl droplets with filter fibers were observed and recorded using a Nikon SMZ-

U optical microscope. 

1.7.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscope examines the microstructure of a specimen by scanning the 

surface with focused electron beam to produce images with higher resolution (20X to 100000X) than 
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other microscopes. SEM images have three-dimensional appearance due to greater depth of field. The 

process of forming an SEM image is summarized by Figure 1.19. First an electron gun emits high-

energy electrons. The emitted electrons pass through a series of electromagnetic lenses (two condenser 

lenses and one objective lens), which focus the beam to a fine probe of nanometer scale. The aperture 

helps limit the divergence of the beam. The electron probe is controlled by two pairs of electromagnetic 

scan coils. The focused electron probe scans across the surface of specimen in a raster pattern. The 

electrons interact with the atoms in the sample and various signal electrons are generated which are 

collected by detectors. The most common signals captured by detectors are Secondary Electrons (SE) 

and Back Scattered Electrons (BSE). The detected signals are amplified and processed to construct an 

image of the specimen surface. The image is finally displayed on a monitor. 

 

Figure 1.19 Working mechanism of a Scanning Electron Microscope (SEM) [39] 

SEM was used in this work to obtain high resolution and high magnification images of various 

filter media at different stages of filtration to observe the features of filter media as well as to understand 

the filtration mechanisms taking place at a given point. SEM used in this work was Zeiss EVO 50 

SEM. 
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1.7.3 Energy-dispersive X-ray spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy is a technique used in conjunction with SEM to analyze 

the elemental composition of a specimen. When the electron beam in SEM interacts with the atoms of 

the specimen, it causes the ejection of inner shell electrons of these atoms. This creates vacancies and 

the outer shell electrons fill these vacancies. During this process the electrons release energy in the 

form of characteristic X-rays, as shown in Figure 1.20a. The detectors detect the energy of the incoming 

X-rays, as illustrated in Figure 1.20b. Since each element emits X-rays at characteristic energy levels, 

this allows element identification. 

 

 

Figure 1.20 a) Generation of KŬ X-ray b) X-ray being detected by a detector in EDS [40] 

 

EDS was used in this work to detect the NaCl aerosols deposited onto various filter fibers. It 

was also used for mapping elements like chlorine and carbon to study the NaCl distribution across 

different types of fibers to elucidate the unique filtration mechanisms occurring across different types 

of filter fibers. 
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1.7.4 BrunauerïEmmettïTeller (BET) machine 

A BET machine is used to measure the specific surface area of porous solid materials. The BET 

method is based on the principle of gas adsorption onto the surface of the solid material. Nitrogen gas 

is a common adsorbate used in BET method because it readily adsorbs onto most surfaces at cryogenic 

temperatures. The BET machine collects data on the amount of gas (adsorbate) adsorbed in the sample 

at different pressures, which is used to construct adsorption isotherm. Finally BET equation, 

represented by Equation 1.8, is applied to the adsorption isotherm to calculate the weight of molecules 

adsorbed in a completed monolayer (Wm) [18].  
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Once Wm is calculated, Equation 1.9 is used to calculate the specific surface area of the 

specimen. 
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Barrett-Joyner-Halenda (BJH) method, which involves analyzing the desorption branch of the 

adsorption isotherm, is used to calculate pore size distribution using the modified Kelvin equation [41]. 
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The total pore volume is calculated also by integrating the adsorption branch of the adsorption 

isotherm.  

Autosorb IQ TPX from Anton-Paar was used to calculate the BET surface area, pore size 

distribution and pore volume of different fibers used in this study. The difference in surface area or 

pore volume between different stages of the filtration process also helped understand the mechanism 

of NaCl transport into porous fibers. 

1.7.5 Mercury Intrusion Porosimetry (MIP)  

Mercury intrusion porosimetry is a technique used to determine characteristics such as surface 

area, pore size distribution and pore volume of porous solids. This is mostly used for materials with 

micron sized pores. In a MIP, liquid mercury is gradually injected into the sample under increasing 

pressure. The pore size distribution curve is obtained by plotting the volume of mercury intruded 

against the applied pressure. The Washburn equation, given by Equation 1.10, is used to analyze the 

intrusion data and calculate parameters like pore volume, mean pore diameter, and specific surface 

area [18]. 
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MIP was used in this work to determine the pore size, pore volume and specific surface area of 

interfiber pores, intrafiber pores and/or intrafloc pores of the various filter media studied. AutoPore V 

9600 by Micromeritics was used for MIP. 
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2 Chapter 2: Wicking NaCl Aerosols into Pore Volume of Nanofibers to Enhance the NaCl 

Loading Capacity of Filter Media 

 

 

2.1 Introduction and motivation for the study 

The filtration of NaCl aerosol holds significance due to its substantial presence in the air within 

marine environments. This results in the deposition of NaCl on marine vessels and equipment, thereby 

causing an increase in maintenance costs. Additionally, an excess of NaCl aerosol can adversely impact 

air quality in coastal regions and contribute to damage to infrastructure through corrosion. Moreover, 

NaCl aerosols also resemble properties of numerous other airborne particles, making them a commonly 

employed standard test aerosol for assessing the filtration performance (including filtration efficiency, 

pressure drop and dust loading) of various filter media, ranging from HEPA filters [42] to respirator 

filters [43]. 

Fibrous filters, typically composed of materials such as polymer fibers, fiberglass, resin wool 

etc. [44] are commonly used for the filtration of NaCl aerosols. The interaction between NaCl aerosols 

and the filter fibers in these filters depends on the size of the aerosol particles. NaCl aerosols in the 

size range ~1 ɛm to 10 ɛm undergo filtration through the inertial impaction mechanism, while those in 

the size range 100 nm to 1 ɛm filter through interception mechanism. Particles smaller than 100 nm 

filter by the diffusion mechanism [10], [45]. The single fiber filtration efficiency model mathematically 

models these fundamental filtration mechanisms [8], [10], all of which entail sticking NaCl particulates 

to the surface of the fiber. 

For applications requiring low NaCl aerosol loading, surface filters like HEPA and ULPA are 

used. However, in applications involving high NaCl aerosol loading, depth filters are employed. 

Commercially available depth filters, used in high-load NaCl aerosol filtration, capture NaCl by 

sticking it to the fiber surface via the aforementioned mechanism(s). The limitation of currently 
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available depth filters is their relatively shorter lifespan. While initially there is depth loading, after a 

brief period of usage they transition to surface loading, thus underutilizing the full depth/thickness of 

the filter media. This quick transition from depth to surface loading occurs due to the formation of a 

filtrate layer on the surface of the filter. Consequently, this leads to a substantial increase in pressure 

drop across the media, which corresponds directly to higher energy consumption [46], [47], [48]. 

One potential solution to address this issue involves using a porous hydrophilic fiber, such as 

Activated Carbon Fiber (ACF), to wick these hygroscopic and water-soluble NaCl particulates into its 

condensed intrafiber pores. Not only would this prevent the formation of the NaCl layer on the filter 

surface, but also has the potential to significantly increase the NaCl loading capacity of the filter media. 

The concept of filtering filtrate into the intrafiber pores in this manner has not been contemplated 

before. ACF is a highly porous hydrophilic fiber characterized by pore sizes that span from micropores 

(below 2 nm) to mesopores (2 to 50 nm) [49], [50], [51], [52], [53], [54]. These hydrophilic intrafiber 

pores are condensed with water due to capillary condensation, even in low RH conditions [18], [19], 

[26], [55], [56]. The Gibbs free energy for the condensation of water vapor per gram of ACF is 

calculated to be -431.4 J, as illustrated in Figure 2.1. The negative value of the Gibbs free energy 

change confirms that the condensation of water within the intrafiber pores of ACF is 

thermodynamically favorable and spontaneous. These condensed pores of ACFs can wick and retain 

NaCl aerosol until they saturate with NaCl, potentially increasing NaCl loading capacity when used in 

a filter media. 
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Figure 2.1 Gibbs free energy change (ȹG) resulting from different physical phenomena occurring in 

an ACF during the wicking process of NaCl aerosols 

Experimentally, 0.193 gmNaCl/gmACF was wicked into the nanopores of ACF, as outlined in 

Table 2-1. The wicking of NaCl aerosol in the condensed ACF pores can be explained by Kelvin 

Equation, adsorption, and thermodynamics. According to the Kelvin Equation (Equation 2.1), the 

equilibrium vapor pressure (P) of a liquid is inversely proportional to the radius of curvature (r) of the 

pore [57]. Therefore, NaCl aerosols near the ACF pores (which have a high radius of curvature) 

experience reduced equilibrium vapor pressure compared to the surrounding gas phase. This vapor 

pressure gradient drives the migration of NaCl aerosols into the ACF pores. 

 Weight 

Mass of water condensed inside an ACF 

(at an ambient condition of 21°C, 55%RH) 

0.318 gmWater/gmACF 

Mass of NaCl wicked inside an ACF  

(with a saturated NaCl solution of 0.36 gmNaCl/ccH20) 

0.193 gmNaCl/gmACF 

Table 2-1 Mass of water condensed per gram of ACF and mass of NaCl wicked per gram of ACF 
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The wicking of NaCl by ACFs is also facilitated by physisorption and chemisorption [58], [59]. 

Physisorption is governed by the weak van der Waals attractive forces between the walls of the ACF 

pores and NaCl molecules. Chemisorption occurs due to the chemical interaction of NaCl with surface 

functional groups containing oxygen. The dissolution of NaCl occurs by the condensed water inside 

the ACF pores because being in aqueous solution is thermodynamically favorable and spontaneous for 

NaCl, as indicated by negative Gibbs free energy change (ȹG) [60], [61], [62]. The Gibbs free energy 

for the dissolution of NaCl per gram of ACF is calculated to be -165.7 J, as depicted in Figure 2.1. This 

decrease in free energy is due to the formation of NaCl-water interactions and the increased entropy of 

the system. As long as there is water in the pores, there is a constant driving force to wick more NaCl 

in. By rehydrating the pores with high RH (via RH cycling) more NaCl can be concentrated into the 

pores unit they completely saturate with NaCl. 

Another potential solution to prevent the formation of a filtrate layer on the filter surface and 

enhance both NaCl loading capacity and QF is to integrate nanofibers into the filter media. Nanofibers 

are commonly applied as a surface layer over non-woven filter media to increase filtration efficiency 

[63], [64], [65], [66]. However, using nanofibers in this manner leads to increased pressure drop [67]. 

A better approach is to incorporate nanofibers uniformly throughout the entire thickness/depth of the 

fibrous filter, as opposed to just the surface. Karwa et al have previously developed a non-woven nickel 

microfibrous matrix with a uniform three-dimensional distribution of carbon nanofibers [68], [69], 

[70], which is better suited for applications demanding high-load NaCl aerosol filtration. While these 

media demonstrated improved FE and QF, these studies did not assess long-term performance metric 

such as NaCl loading capacity. A more effective method for incorporating nanofibers into a non-woven 

media involves creating nanofiber flocs and embedding them into the non-woven matrix. Such 
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embedded nanofiber flocs are highly porous (with high surface area-to-volume ratio) and do not span 

the entire flow stream, thus avoiding an undesirable increase in flow resistance. More importantly, the 

flocs have the potential to warehouse excess particulates through a wall-slip phenomenon occurring 

over nanofibers within the floc. Slip flow occurs when air encounters nanofibers with diameters 

comparable to the mean free path of air (65 nm at STP). In slip flow, the drag force per unit filter fiber 

surface area is reduced compared to non-slip flow, enabling the capture of particles with a reduced 

pressure drop [63], [71], [72]. Building on this principle, Karwa et al successfully developed nanofiber 

flocs using VGCF and embedded them into a nickel fiber matrix [70]. Likewise, Zhao et all embedded 

them in an ACF matrix [73]. While both of these studies optimized the floc content to achieve the 

highest QF, they did not investigate the NaCl loading capacity of the VGCF flocs or that of the 

respective support fibers. 

Considering the limitations of conventional depth filter media, a novel filter media was 

developed to incorporate two aforementioned novel filtration approaches (filtering and warehousing 

NaCl aerosols 1. Inside ACF pores and 2. Inside VGCF flocs), with the goal to achieve enhanced QF 

and NaCl loading capacity. This novel filter media was synthesized by embedding flocs of VGCF 

uniformly inside an ACF matrix, as illustrated in Figure 2.2b. The ACF and VGCFs are bound together 

by bicomponent polyester/polyethylene fibers, acting as a thermal binder. For comparison purposes, 

graphite media (with comparable permeability and thickness) was also synthesized, substituting ACF 

with non-porous graphite fiber with similar chemical properties, as depicted in Figure 2.2a. This 

substitution was made to examine the effect of intrafiber porosity of ACFs on NaCl aerosol filtration. 

The graphite fiber media shares a common characteristic found in commercial depth filter media, the 

presence of a singular porosity domain: the interfiber porosity between the fibers. In contrast, the ACF 

media (with VGCF flocs) contains multi-domain porosity in different size regimes. This porosity is 

categorized into three domains: 1) Interfiber Porosity (between ACFs, VGCF flocs, and binder fibers) 
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2) Intrafiber Porosity (inside ACFs), and 3) Intra-floc Porosity (within VGCF flocs), as detailed in 

Table 2-2. The pore size ranges from 2.97 nm (intrafiber porosity inside ACF) to 100 ɛm (interfiber 

porosity between fibers), and the pore volume varies from 4.1 cm3/gm (VGCF floc) to 0.950 cm3/gm 

(ACF), as listed in Table 2-2. The objective is to effectively filter and warehouse NaCl within these 

different porosity domains, thereby enhancing both QF and NaCl loading capacity. ACF media without 

VGCF flocs was also synthesized for comparative purposes, to study the effect of intra-floc porosity 

of VGCF flocs on NaCl aerosol filtration. 

 

Figure 2.2 a) Graphite media with one porosity domain b) ACF media (with VGCF flocs) with three 

porosity domains 

Type of 

Media 

Types of 

Porosities 

Pore 

Diameter 

(ɛm) 

Total Pore 

Area 

(m2/gm)  

Surface 

Area 

Total Pore 

Volume 

(cm3/gm)  

Total 

Pore 

Volume 
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y 

(m2/gm)

  

via N2 

BET 

via Hg 

porosimetry

  

(cm3/gm)

  

via N2 

BET 

Graphite 

Media 

1. Interfiber 

Porosity 

(between 

graphite 

fibers and 

binder 

fibers) 

Between 40-

70 

37.6 N/A 5.5 N/A 

ACF 

Media 

1. Interfiber 

Porosity 

(between 

ACFs 

and 

binder 

fibers) 

2. Intrafiber 

Porosity 

(inside 

ACFs) 

Between110

-170 

 

 

 

0.00297 

68.9 

 

 

 

N/A 

N/A 

 

 

 

1700 

15.8 

 

 

 

N/A 

N/A 

 

 

 

0.950 

VGCF 

floc 

embedde

d ACF 

media 

1. Interfiber 

Porosity 

(between 

ACFs, 

VGCF 

flocs and 

binder 

fibers) 

2. Intrafiber 

Porosity 

(inside 

ACFs) 

3. Intra-floc 

Porosity 

(inside 

VGCF 

flocs) 

Between 60-

100 

 

 

 

 

0.00297 

 

N/A 

97.7 

 

 

 

 

N/A 

 

28.7 

N/A 

 

 

 

 

1700 

 

N/A 

11.7 

 

 

 

 

N/A 

 

4.108 

N/A 

 

 

 

 

0.950 

 

N/A 

Table 2-2 Types of porosities and porosity characteristics of different types of filter media used in this 

study 
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2.2  Experimental details 

2.2.1 Filter media synthesis 

ACF media (with VGCF flocs) was synthesized by entrapping flocs of VGCF within an ACF 

matrix stabilized by a polyester/polyethylene binder fiber. ACFs, with a specific surface area of 1700 

m2/gm, were obtained from Toyobo Co., Ltd, Japan. VGCFs (product # PR-19-XT-PS) were obtained 

from Pyrograf Products Inc. Table 2-3 provides the dimensions of filter fibers used in synthesizing 

various filter media used in this study. 

Fiber Type Diameter 

(µm) 

Length 

(mm) 

Apparent Fiber (Skeletal) 

Density (gm/cm3) 

(via Hg Porosimetry) 

ACF 20 35 0.73 

VGCF 0.15 N/A 0.63 

Graphite 7 6 2.17 

Bi-component 

polyester/polyethylene 

8 6 1.05 

Table 2-3 The dimensions of various fibers employed for synthesizing different filter media used in 

this study 

The preparation of VGCF flocs and subsequent synthesis of filter media has been previously 

described in detail by Zhao et al [73]. For comparison, ACF media was also synthesized without VGCF 

flocs to investigate the impact of their absence on NaCl aerosol filtration. Similarly, for comparison, 

Graphite media was also synthesized by replacing ACFs with non-porous graphite fibers to explore the 

impact of the absence of intrafiber porosity on NaCl aerosol filtration. To ensure a fair comparison, 

Graphite media and ACF media (with VGCF flocs) were synthesized with same volume loadings of 

fiber in order to obtain comparable thickness and permeability, as outlined in Table 2-4. 
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Media sample Volume loading 

(external) 

Average thickness 

(mm) 

Weight 

loading 

Graphite Media Graphite: 5.302% 

VGCF: 0% 

BiCo: 1.857% 

Void fraction: 92.481% 

5.85 Graphite: 

85.6% 

VGCF: 0% 

BiCo: 14.4% 

ACF Media ACF: 5.302% 

VGCF: 0% 

BiCo: 1.857% 

Void fraction: 92.481% 

4.87 ACF: 66.7% 

VGCF: 0% 

BiCo: 33.3%  

ACF Media (with VGCF 

flocs) 

ACF: 5.302% 

VGCF: 1.157% 

BiCo: 1.857% 

Void fraction: 91.684% 

5.31 ACF: 59.3% 

VGCF: 11.1% 

BiCo: 29.6%  

Table 2-4 Volume loading, average thickness, weight loading and external surface area of various filter 

media used in this study 

2.2.2 Spectrometer and calibration 

The particle counter used for filtration efficiency tests was LAS from TSI. The spectrometer 

uses a laser-based technique to measure and analyze aerosol particles. The instrument emits a laser 

beam into a sample containing aerosol particles. As the laser beam interacts with the particles, it scatters 

light in different directions. The spectrometer detects and measures the scattered light, allowing it to 

determine the size and concentration of the particles. It is a particle counter with a range of 90-7500 

nm with over 100 selectable channel sizes. The sample size can be varied from 10 to 100 sccm, of 

which 50 sccm was used for all tests. 
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Figure 2.3 Particle size distribution of NaCl aerosols under low RH and high RH conditions detected 

by LAS laser spectrometer 

To investigate the effect of RH on particle size and concentration, the spectrometer was 

subjected to low RH (0-5%) and high RH (~75%) NaCl aerosols, as shown in Figure 2.3. The total 

number of particles are the same under low RH and high RH conditions. For the particle size range 90-

290 nm, there are more particles under low RH condition compared to high RH condition. On the 

contrary, for the particle size greater than 290 nm, there are more particles under high RH conditions 

compared to low RH conditions. This is because under high RH, NaCl particles increase in size due to 

hydration owing to their hygroscopic nature. Even some particles that would normally fall within the 

90-290 nm range under low RH condition may undergo swelling due to hydration, causing them to 

shift into the >290 nm range. The consequences of this effect on filtration parameters such as FE and 

QF are discussed in the results section. 
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2.2.3 Test Cell 

 

Figure 2.4 Schematic of the bench-scale setup for evaluating filter media 

The filtration tests, including assessments of filtration efficiency, pressure drop and NaCl 

loading, were performed using the experimental setup depicted in Figure 2.4. A uniform face velocity 

of 22.4 cm/s was employed for all experiments. House air at 20 psi was used as the air supply required 

for experiments. A silica-gel desiccant was used to remove any moisture in the air. The dried air was 

split into two flow paths each passing through inline HEPA filters to remove any contaminants. Mass 

flow controllers (MFC) were employed to regulate the flow rates. One portion of the dry air (1.2 SLPM) 

was directed to the nebulizer. A Hudson RCI Micro Mist nebulizer by Teleflex Medical with 2.5% 

(w/w) NaCl solution was used to produce low concentration polydispersed aerosol for filtration 

efficiency tests. Meanwhile, a one-jet Collison Nebulizer by Mesa Laboratories was used for 

generating higher-concentration polydispersed aerosol for NaCl loading tests. Wet NaCl aerosols were 

passed through a diffusion dryer (DD 250) from Air Techniques to eliminate moisture. To neutralize 
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any static charge developed during aerosolizing, NaCl aerosol was passed through an assembly of 

aerosol charge neutralizer (Model-9000) from Brechtel Inc and two Polonium-210 strips from NRD 

LLC. The remaining portion of the air (5.61 SLPM) was further divided into two streams. One stream 

was directed to a custom-made glass bubbler to generate humid air, while the other served as a drying 

air to control and achieve the desired RH level. After mixing the NaCl aerosol, humid air and dry air 

streams, the final concentration of NaCl in the challenge aerosol was 0.32 ppmw for the Hudson RCI 

Micro Mist nebulizer (used for filtration efficiency tests) and 9.95 ppmw for the one-jet Collison 

Nebulizer (used for NaCl loading tests) [74].  The rationale for using a low-concentration aerosol in 

filtration efficiency tests is due to limitation of the LAS spectrometer, which accurately measures only 

low concentration of aerosols (with a limit of 3000 particles/sec). 

The testing section for filter media consisted of a stainless-steel pipe with an inner diameter of 

25.4 mm. Filter media samples were positioned between two flanges, secured with foam gaskets to 

ensure an airtight seal. Each sample punched out was 15.5 cm2 (4.45 cm in diameter), with a working 

area of 5.07 cm2 (2.45 cm in diameter). A three-way valve was connected to both upstream and 

downstream isokinetic probes to draw samples for the spectrometer. The pressure drop across the filter 

media was measured using a pressure transducer by Invensys with a range of 0-30 inH20. To determine 

NaCl loading at various points during the loading process, the samples were temporarily removed from 

the test rig and weighed using a laboratory precision balance. For each filtration test, three samples 

were analyzed to ensure the repeatability of the data. 

2.2.4 Physical Characterization 

Physical characteristics of the filter media were determined using Scanning Electron Microscopy 

(SEM), Energy-Dispersive x-ray Spectroscopy (EDS), BET, Mercury Porosimetry, and Optical 

Microscopy. The NaCl deposited on the filter media was captured and quantified using a Zeiss EVO 
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50 SEM and INCA EDS. The nitrogen multipoint BET surface area, pore size distributions and total 

pore volumes of ACFs were determined using Autosorb IQ TPX from Anton-Paar. Average and total 

pore area, total pore volume and skeletal density were obtained by using AutoPore V mercury 

porosimeter by Micromeritics. The length and diameter of the fibers were determined by using a Nikon 

SMZ-U optical microscope. 

2.3 Results and Discussion 

2.3.1 Pressure Drop 

Pressure drop refers to the decrease in pressure that occurs as air passes through a filter. It is 

caused by the resistance encountered by the air as it flows through the filter media. The pressure drops 

across ACF media, ACF media (with VGCF flocs) and Graphite media were measured by flowing 

compressed air (20 psi) at varying flow rates, as shown in Figure 2.5. 

 

Figure 2.5 Pressure drops of various filter media (with constant volume loading of fibers) as a 

function of flow rates 
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Graphite media exhibits a higher pressure drop compared to both ACF media and ACF media 

(with VGCF flocs). To ensure a fair comparison, the volume loading of fibers in both ACF and graphite 

media was maintained at 5.302%, as specified in Table 2-4. Given the skeletal density of 2.17 gm/cm3 

for graphite fiber and 0.73 gm/cm3 for ACF, achieving an equal volume of fibers requires a greater 

mass of graphite in the graphite media. More importantly, the smaller diameter of graphite fibers (7 

µm compared to 20 µm for ACF) results in denser packing, leading to higher flow resistance. 

Therefore, despite the same fiber volume loading and comparable thickness (4.87 mm for ACF media 

vs. 5.85 mm for graphite media), Figure 2.5 illustrates higher pressure drop in graphite media. A 

graphite fiber larger than 7 µm could not be obtained as it does not get manufactured by most 

manufacturers. On the other hand, the addition of VGCF flocs to ACF media only marginally increases 

pressure drop compared to media with ACF fibers alone. 

2.3.2 Filtration Efficiency  

Filtration efficiency (E) refers to the ability of a filter to capture and retain particles (of specific 

size or range of size) from the air stream passing through it. It is expressed as a percentage. The 

filtration efficiency is calculated using Equation 2.2, where nup is the number of particles upstream of 

the filter and ndown is the number of particles downstream of the filter [75]. The filtration efficiency 

of ACF media, ACF media (with VGCF floc) and Graphite media were determined by filtering NaCl 

challenge aerosol (0.32 ppmw) under low RH (0-5%) and high RH (75%) conditions, as shown in 

Figure 2.6. 
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Figure 2.6 Filtration efficiency of various filter media at a) Low RH (0-5%) b) High RH (~75%) 

conditions. NaCl aerosol challenge 0.32 ppmw, Temperature 22°C 

The graphite media demonstrated approximately three times higher filtration efficiency than 

ACF media across the entire 90-1000 nm particle diameter range, under both low and high RH 

conditions. This can be explained by the single fiber filtration efficiency model which is based on the 

external surface area of the fiber [3], [4], [10], [11]. The graphite fiber diameter, as indicated in Table 

2-3, is approximately one-third that of the ACF fiber. As a result, the external surface area of graphite 

fiber is approximately three times that of the ACF fiber. Hence, graphite is anticipated to achieve a 

filtration efficiency three times that of ACF, despite both fibers having equal volume loadings in the 

media, as outlined in Table 2-4. Incorporating VGCF flocs into ACF media increases external 

geometric surface area, leading to increased filtration efficiency. Consequently, ACF media (with 

VGCF flocs) exhibited higher filtration efficiency compared to ACF media without flocs, under both 

RH conditions. Furthermore, ACF media (with VGCF flocs) demonstrated comparable filtration 

efficiency to Graphite media across the 90-300 nm particle diameter range, under both low and high 

RH. This suggests that the ACF media (with VGCF flocs) is equally efficient in filtering out smaller 

particles, which are the most difficult to capture. For particles exceeding 300 nm, Graphite media 

exhibited higher filtration efficiency under both low and high RH conditions. This is attributed to the 
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smaller dimensions of graphite fibers, facilitating the easier capture of larger particles. Figure 2.6a and 

2.6b also indicate that there is no effect of RH on the filtration efficiency across all investigated filter 

media. 

2.3.3 Quality Factor 

The Quality Factor (QF) of a filter media is a performance metric that measures whether an 

increase in pressure drop is warranted by the increase in filtration efficiency. It is defined by Equation 

2.3, where E is the filtration efficiency in fraction and ȹP is the pressure drop across the filter media 

[3], [11], [76]. A higher QF indicates that the filtration is better per unit of pressure drop. The QF was 

evaluated for ACF media, ACF media (with VGCF flocs) and Graphite media under low RH (0-5%) 

and high RH (75%) conditions, as shown in Figure 2.7. 
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Figure 2.7 Quality Factor of various filter media at a) Low RH (0-5%) b) high RH (~75%) conditions. 

NaCl aerosol challenge 0.32 ppmw, Temperature 22°C 

While Graphite media exhibited approximately three times higher filtration efficiency than 

ACF media, the QF for both media types remained comparable across the entire 90-1000 nm particle 

diameter range under both RH conditions. Graphite fibers, being smaller, densely mat together, 
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forming a media with poor fiber packing. While this enhances filtration efficiency, it simultaneously 

generates high flow resistance, resulting in elevated pressure drop across the media and consequently 

reducing the QF. However, ACF media (with VGCF flocs) exhibited a higher QF than both ACF and 

Graphite media under both RH conditions. The VGCF nanofiber flocs, characterized by a high surface-

to-volume ratio, contribute to low flow resistance. More importantly, slip flow at the nanofiber surface 

in VGCF flocs facilitates particle capture without expected pressure drop. Therefore, the QF of ACF 

media (with VGCF flocs) surpasses that of other investigated filter media due to reduced flow 

resistance and slip flow dynamics. Figure 2.7a and 2.7b also show that RH has no impact on the QF 

across all studied filter media. 

2.3.4 NaCl loading capacity 

NaCl loading capacity (commonly known as dust loading capacity) is the amount of NaCl 

particles that a filter media can collect before it reaches a specified pressure drop. Filters with higher 

loading capacity have a longer lifespan. As more NaCl are captured and accumulated, the filtration 

efficiency increases, albeit with a concurrent increase in pressure drop. Eventually, as the filter media 

becomes saturated with NaCl (i.e., clogged), the pressure drop reaches unacceptable levels, 

necessitating the replacement of the filter to minimize energy consumption. In fibrous filters, the 

pressure drop increases slowly initially, then transitions into a phase characterized by a rapid increase 

in pressure drop. The point at which this phase change occurs is referred to as the breakthrough point, 

as illustrated in Figure 2.8. 
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Figure 2.8 Typical NaCl loading curve in a fibrous filter media 

The slower initial rise in pressure drop is due to depth loading, where the entire filter is not yet 

clogged by NaCl. The sudden rise in pressure drop at the breakthrough point occurs when a cake forms 

on the filter, obstructing the flow stream from passing through [9]. At this point, surface filtration (often 

referred to as cake filtration) commences. The NaCl loading capacity of ACF media, ACF media (with 

VGCF flocs) and Graphite media was determined by filtering NaCl challenge aerosol (9.95 ppmw) 

under low RH (0-5%) and high RH (75%) conditions, as depicted in Figure 2.9. 
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Figure 2.9 NaCl loading capacity of various filter media under a) Low RH (0-5%) b) high RH (~75%) 

conditions. NaCl aerosol challenge 9.95 ppmw, Temperature 22°C 

 

Table 2-5 Average NaCl loading capacity of various filter media at their breakthrough points under 

both low and high RH conditions 

Under low RH conditions, the NaCl loading capacity of ACF media was 0.047 

gmNaCl/gmMedia, which is 2250% (or ~21 times) higher than Graphite media which has a NaCl 

loading capacity of 0.002 gmNaCl/gmMedia. This significant difference can be attributed to the 
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presence of two porosity domains within ACF media (1. Interfiber porosity between fibers 2. Intrafiber 

porosity of ACF) enabling the storage of more NaCl. In comparison, Graphite media possesses only 

one porosity domain (interfiber porosity between fibers), limiting its capacity to store NaCl to a lesser 

extent. Despite the higher NaCl loading capacity, ACF media has unusually large pores, causing most 

NaCl particulates to bypass the media, resulting in poor filtration efficiency and rending it ineffective 

for NaCl aerosol filtration under low RH conditions. On the contrary, the incorporation of VGCF flocs 

into ACF media effectively resolved this issue, significantly enhancing both FE and QF. Under low 

RH conditions, the NaCl loading capacity of ACF media (with VGCF flocs) was 0.026 gmNaCl/gm 

media, which is 1200% (or ~12 times) higher compared to Graphite media. This enhancement in NaCl 

loading (along with improved QF) can be attributed to two key factors: (1) the occurrence of wall-slip 

along the nanofiber surface of VGCF flocs, facilitating the entrapment of excess particles without a 

concurrent increase in pressure drop, and (2) the presence of relatively larger interfiber pores between 

all the fibers, enabling greater NaCl accommodation as a result of improved fiber packing. 

Under high RH conditions, Graphite media was able to hold 0.015 gmNaCl/gmMedia at the 

breakthrough point. In contrast, the ACF media failed to reach a breakthrough point even after being 

subjected to NaCl for ~13 hrs under high RH conditions. Under high RH conditions, the majority of 

NaCl aerosols exist in aqueous droplet form, with some in hydrated form. The ACF media, which has 

notably large interfiber pores, captures a small portion of hydrated NaCl. However, the larger portion 

consisting of aqueous NaCl droplets bypasses the media entirely. As a result, the media stopped gaining 

weight. Rather than functioning as a filter media, it behaved more like an aspirator. The incorporation 

of VGCF flocs resolved this issue by forming contiguous porous structures within the large interfiber 

pores of ACF. For ACF media (with VGCF flocs), the NaCl loading capacity at the breakthrough point 

was 0.108 gmNaCl/gmMedia, under high RH conditions. This is 620% (or ~7 times) higher compared 
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to Graphite media. More importantly, this loading was an additional 315% (or ~4 times) higher than 

that achieved by the same media under low RH conditions. 

 

Table 2-6 Mass difference between same samples under low RH condition and high RH conditions at 

the breakthrough point 

The mass difference between ACF media (with VGCF flocs) under high and low RH conditions 

is 0.048 gm, compared to 0.012 gm of Graphite media, as listed in Table 2-6. The higher mass 

difference observed in ACF media (with VGCF flocs) can be attributed to a higher NaCl loading 

achieved under high RH conditions, facilitated by the synergistic effect of NaCl wicking by both ACF 

and VGCF flocs. At 75% RH, referred to as the deliquescence RH, NaCl particles undergo a phase 

change from hydrated crystals to aqueous NaCl droplets. ACFs effectively wick these aqueous NaCl 

droplets into their intrafiber pores. NaCl can be continuously wicked into intrafiber pores of ACF (via 

RH cycling) until it saturates with NaCl, as depicted in Figure 2.10. 
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Figure 2.10 Wicking of NaCl aerosol by intrafiber pores of ACF and the eventual saturation of these 

pores achieved via RH cycling 

Similarly, the aqueous NaCl is also absorbed by VGCF flocs under high RH conditions. A 

VGCF floc under high RH condition demonstrates a sponge-like characteristic, capable of 

wicking/absorbing NaCl via RH cycling until it saturates with NaCl, as illustrated in Figure 2.11. 

 

Figure 2.11 Wicking of NaCl aerosol by a VGCF floc and the eventual saturation of the floc achieved 

via RH cycling 
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To verify the wicking and warehousing of NaCl into ACF pores and VGCF flocs, SEM and 

EDS were performed on the three filter media loaded with NaCl aerosols at 75% RH. The chlorine to 

carbon ratio was calculated for various fibers within these media, as presented in Figure 2.12. The Cl:C 

ratio in a VGCF floc was highest, 0.088, compared to 0.019 in an ACF and 0.001 in a graphite fiber. 

This confirms that there is wicking and storing of NaCl by both ACF nanopores and VGCF flocs. The 

VGCF floc has the highest Cl:C ratio because it accommodates more NaCl due to its higher pore 

volume (4.108 cm3/gm) as indicated in Table 2-2. More importantly, under high RH condition, the 

larger void volume of the floc accommodates larger amount of aqueous NaCl (through sponge-like 

wicking action), consequently yielding a higher Cl:C ratio. The Cl:C ratio is higher in the ACF 

compared to the graphite fiber because of the wicking of NaCl by intrafiber pores of ACF under high 

RH condition which is driven by favorable thermodynamics of NaCl dissolution in water and Kelvin 

equation. 



76 
 

 

Figure 2.12 SEM of NaCl loaded a) Graphite media b) ACF media and c) ACF media (with VGCF 

flocs) with Cl:C ratios of the highlighted area of specific fibers. Loading RH: 75% 

Moreover, EDS was employed to map chlorine, providing a visual assessment of NaCl 

distribution across different porosity domains in the three filter media, as depicted in Figure 2.13. In 

the chlorine mapping of Graphite media (Figure 2.13 a2), it is evident that chlorine, represented in 

white, primarily occupies the interfiber pores located between graphite and binder fibers. In contrast, 

the chlorine mapping of ACF media (Figure 2.13 b2) indicates chlorine presence in interfiber pores 

between ACF and binder fibers, within intrafiber pores of ACF (confirmed by the Cl:C ratio in Figure 

12b), and on the surfaces of both ACF and binder fibers. In ACF media (with VGCF flocs), the chlorine 

mapping (Figure 2.13 c2) reveals chlorine presence across all three porosity domains, with 

predominant concentration within the intra-floc porosity. This preferential loading of NaCl in VGCF 

flocs is confirmed by the abundance of chlorine (depicted in white) in Figure 2.13c2 and by a high 
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Cl:C ratio of floc mentioned in Figure 2.12c. Therefore, the high NaCl loading capacity of ACF media 

(with VGCF flocs), as seen in Figure 2.9, arises from the synergistic effect of the mediaôs multi-domain 

porosity. This enables the storage of excess NaCl, facilitated by the wicking action of both ACFs and 

VGCF flocs, especially under high RH filtration conditions. 
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Figure 2.13 SEM of NaCl loaded a1) Graphite media b1) ACF media and c1) ACF media (with VGCF 

flocs) and the corresponding chlorine maps (a2, b2 and c2). On the chlorine maps (a2, b2 and c2) white 

color represents chlorine and black color represents carbon 
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2.4 Conclusion 

NaCl aerosol filtration was enhanced by utilizing two new NaCl filtration mechanisms that are 

uniquely available to a novel filter media containing nanoporous Activated Carbon Fibers (ACFs). The 

first mechanism involved dissolution of solid NaCl aerosols deposited onto the ACFs surface (at low 

RH) into their hydrophilic intrafiber nanopores which are condensed with water even at low RH. This 

occurs due to favorable thermodynamics of NaCl dissolution in water. The second mechanism involved 

wicking and capillary condensation of liquid NaCl aerosols directly into the intrafiber ACF nanopores 

at high RH. The phenomenon occurs because NaCl aerosols near the ACF pores (which have a high 

radius of curvature) experience reduced equilibrium vapor pressure compared to the surrounding gas 

phase. This vapor pressure gradient drives the migration of NaCl aerosols into the ACF pores. This 

novel filter media also captured NaCl aerosols inside flocs of Vapor Grown Carbon Nanofibers 

(VGCFs) that are embedded inside the ACF matrix. These flocs are highly porous with a high surface 

area-to-volume ratio. The solid NaCl aerosols at low RH got captured onto the surface of nanofibers 

by interception, inertial impaction, and/or diffusion mechanisms. The liquid NaCl aerosols at high RH 

got absorbed into the large intra-floc porosity of VGCF flocs in a sponge-like absorption fashion. The 

Quality Factor of ACF Media with VGCF flocs was higher than ACF Media without VGCF flocs as 

well as Graphite Media, under both low and high RH filtration conditions. This was due to enhanced 

filtration efficiency provided by nanofibers of VGCF flocs. More importantly, this was attributed to 

wall-slip occurring at nanofiber surfaces, which enabled capture of NaCl aerosols without anticipated 

pressure drop. Due to these new NaCl filtration mechanisms combined with NaCl entrapment into 

intra-floc porosity of VGCF flocs, the NaCl loading capacity of ACF media (with VGCF flocs) was 

1200% (or 12X) higher than similar media prepared with non-porous Graphite fiber, under low RH 

conditions. More notably, due to wicking of liquid NaCl aerosols into ACF nanopores as well as 

absorption of aqueous NaCl by VGCF flocs at high RH, the NaCl loading capacity of ACF Media (with 
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VGCF flocs) increased further by 315% (or 3.15X) on going from low to high RH. SEM and EDS 

results confirmed the transport and storage of NaCl across all porosity domains via these new filtration 

mechanisms. 
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3 Chapter 3: Incorporation of VGCF Nanofiber Flocs 

 

 

3.1 Introduction  

Using nanofibers with higher surface area has shown to have a significant enhancement in small 

particulate filtration [68], [70], [70]. These nanofibers when used in conjunction with structural 

microfibers not only help increase filtration efficiency (while simultaneously minimizing pressure 

drop) but also increase the dirt loading capacity. Effort has been made to create a novel porous non-

woven depth filter media containing flocs of VGCF nanofibers embedded between structural ACFs. 

This chapter discusses the enhancement in filtration achieved in ACF filter media due to VGCF 

nanofiber floc inclusion. 

3.1.1 History of Nanofiber Use in Filter Media 

Traditionally air filter media were made of micron-sized fibers such as glass fibers, spun-

bonded fibers or melt-blown fibers [88], as illustrated in Figure 3.1a. These filters capture particles by 

depth filtration. However these microfiber filters showed low filtration efficiency, particularly for 

nanoparticles (0.1-0.5µm) due to the formation of larger pores between these fibers [89], [90]. The 

single fiber filtration theory suggests that as the diameter of the fiber decreases, the filtration efficiency 

increases, while simultaneously experiencing reduced drag forces due to enhanced slip-flow effects 

[11]. Hence polymeric nanofibers (diameter <500 nm) have become increasingly popular for air 

filtration in the past few decades, particularly for high-efficiency filtration of fine (<2.5 µm) and 

ultrafine particles (<0.1 µm) [91] due to small diameter [92], high surface-to-volume ratio [93], 

interconnected pore structure and highly porous nature [94], [95], [96]. 
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Figure 3.1 Different types of fibrous filter media a) Commercial microfiber media b) Commercial 

nanofiber layered microfiber media b) VGCF nanofiber flocs embedded within ACF microfiber 

media and their filtration properties 

3.1.2 Wall -Slip Phenomenon 

Slip-flow occurs when air molecules encounter nanofibers with diameter that are on the order 

of the mean free path of air (65 nm at STP). During slip-flow the drag force per unit filter fiber surface 

area is lower than that of non-slip flow. This results in lower pressure drop [10], [66], [72], [96], [97], 

[98], [99]. The phenomenon of slip-flow at the surface of nanofibers plays a crucial role in the 

collection of aerosols by filters composed of nanofibers [11]. The Knudsen number describes the 

significance of molecular movement of air molecules at the fiber surface in relation to the overall flow 

field. Knudsen number in a filter model is defined by Equation 3.1 where ɚ is the mean free path of 

gas molecules and R is the fiber radius. 
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When Knudsen number (Kn) is between 0.001 and 0.01, it is known as the slip-flow regime 

[100]. In slip-flow, the velocity of air at the fiber surface is assumed to be non-zero [101]. The air slips 

at the fiber surface. Due to the slip-flow at the fiber surface, the drag force exerted on the fiber is 

smaller compared to non-slip flow conditions, leading to a decrease in pressure drop [4], [65], [102], 
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[103]. More importantly, slip-flow enlarges the portion of the air flowing near the fiber surface. This 

leads to more particles traveling near the fiber, consequently increasing diffusion, interception, and 

inertial impaction efficiencies. As demonstrated in Figure 3.2, Kn for VGCF nanofibers is 2.6. 

Therefore, the enhancement in filtration with VGCF can be attributed to slip flow occurring on VGCF 

nanofiber surfaces. 

 

Figure 3.2 Slip flow phenomena occurring in the nanofiber surface 

3.1.3 Incorporating Nanofibers as a Floc 

Nanofibers are commonly deposited as a layer of thin fiber webs on the surface of microfibrous 

filters to increase filtration efficiency [63], [64], [66], [104], [105], [106], [107], [108] as depicted in 

Figure 3.1b. These nanofibers are commonly produced using electrospinning technology [109], [110]. 

These nanofiber filter media are dense and very thin. They clog after a brief period of usage because 

the filtrate particles are captured by surface filtration. Once clogged, these filters go into a high pressure 

drop state which leads to greater energy consumption. This necessitates more frequent filter 

replacements, thus driving up maintenance costs [89]. Therefore, it is crucial to create a nanofiber filter 

media that possesses not only high filtration efficiency and low pressure drop but also an enhanced 

filtrate loading capacity (i.e. higher lifetime). 
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A novel approach to enhance filtrate loading capacity in filter media involves creating nanofiber 

flocs and embedding them within a microfiber matrix. Unlike commercial nanofiber filter media, where 

nanofibers are simply layered atop microfibers, our innovative approach involves embedding flocs of 

VGCFs into the ACF matrix, as illustrated in Figure 3.1c. VGCFs are low-cost nanofibers 

manufactured by catalytic decomposition of hydrocarbon gas over nanocatalyst crystals. This novel 

depth filter media has a lower density compared to commercial nanofiber filter media. The VGCF 

nanofiber flocs are highly porous with a high surface area-to-volume ratio enabling them to store excess 

filtrate, thereby increasing the filtrate loading capacity. Moreover, the slip flow phenomena occurring 

at the nanofiber surfaces facilitate capture of particles without the anticipated pressure drop. 

Furthermore, the nanofiber flocs do not span the entire air stream, which also contributes to lower 

pressure drop. Using the wet-lay method, these flocs, characterized by their high freeness, are 

seamlessly embedded into the ACF matrix. Their high freeness allows for calendaring and 

compression, transforming the flocs into contiguous contacts, ultimately enhancing manufacturability.  
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Figure 3.3 Scanning electron microscopy (SEM) images of a clean a) ACF media b) ACF Media with 

VGCF floc 

This study investigates how the performance of ACF filter media is affected by the presence of 

VGCF nanofiber flocs, focusing on key metrics like pressure drop, filtration efficiency, QF, and 

loading capacity. Filtration tests were conducted under both low and high RH conditions to understand 

how RH variations affect filtration mechanism/s, particularly the transport and storage of filtrate into 

the nanofiber flocs. NaCl aerosols were selected as the challenge aerosol due to their sensitivity to 

changes in RH. NaCl is hygroscopic in nature and in low RH conditions they are dry. As the RH is 

increased the NaCl particles get hydrated and at a certain threshold RH (also known as deliquescence 
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RH), they transition into liquid droplets [78]. This novel filter media filter employs two simultaneous 

filtration mechanisms: 1) capturing and storing NaCl particles into VGCF flocs through slip-flow, and 

2) wicking NaCl particles into intrafiber pores of ACF which are condensed with water at ambient 

conditions. This study examines how RH impacts these mechanisms which consequently affects 

filtration performance metrics. Analytical tools such as SEM and EDS are employed to observe and 

quantify the results. 

3.2 Experimental Details 

3.2.1 Preparation of VGCF floc 

VGCFs measuring 150 nm in diameter were obtained from Pyrograf Products Inc. Initially, 

these VGCFs arrived bundled together in large clumps ranging from a few hundred microns to several 

millimeters in diameter, a result of the significant van der Waals force and high surface energy between 

the fibers. To disperse them, surfactants were employed. First VGCFs were dispersed in water using 

the anionic surfactant Sodium Dodecyl Sulfate (SDS). This partially dispersed VGCFs were 

ultrasonicated for 5 hours for complete dispersion, facilitated by the electrostatic repulsion created by 

SDS, as depicted in Figure 3.3a. Next, the individually dispersed VGCFs were flocculated using the 

cationic surfactant Cetrimonium Bromide (CTAB). The formation of the nano-flocs was due to the 

electrostatic attraction between the negatively charged VGCFs and positively charged CTAB 

surfactant, as shown in Figure 3.3b. Following flocculation, the density of VGCFs decreased from 

0.0272 gm/cm3 (as received) to 0.0022 gm/cm3. An optical micrograph of a VGCF floc is illustrated 

in Figure 3.3c. 
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Figure 3.4 Illustration of a) the dispersion of VGCFs in water, facilitated by the electrostatic repulsion 

generated by the anionic surfactant SDS b) flocculation of VGCFs in the same solution, caused by the 

electrostatic attraction between positively charged CTAB and the negatively charged VGCFs c) A 

micrograph of a VGCF floc 

3.2.2 Synthesis of filter media 

The novel ACF filter media with VGCF flocs was synthesized via the wet-lay method. ACFs 

with a specific surface area of 1700 m2/gm, 20 µm diameter, and 35 mm length were obtained from 

Toyobo Co Ltd., Japan. These ACFs were dispersed in water using a blender, as depicted in Figure 

3.4a. Since ACFs lack hydrogen and oxygen necessary for strong hydrogen bonding, bi-component 

polyester/polyethylene fibers were used as thermal binders. These 8 µm diameter, 6mm length fibers 

obtained from KOSA, were added into the ACF solution. FERAN-ICA polymeric solution by Rudolf 

Group was employed as a dispersing agent to disperse the polyester fibers. The mixture of ACFs and 

binder fibers was then combined with the VGCF solution and transferred into a 16cm diameter TAPPI 
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hand-sheet former, as illustrated in Figure 3.4b. This dispersion of nano and microfibers were then 

rapidly filtered over a wire mesh. The rapid drainage of water creates a stack of randomly oriented 

microfibers called the preform, as shown in Figure 3.4c. Water was drained from the preform using a 

hand roller, followed by drying at 140°C in air for 15-20 mins. The drying process also induced the 

melting of polyester/polyethylene fibers, resulting in the formation of a strong bonded media, as 

illustrated in Figure 3.4d. Finally, samples were punched out from a 200 cm2 sheet using a circular 

steel punch for further testing. 

 

Figure 3.5 Wet-lay process for synthesizing VGCF flocs embedded ACF filter media a) Top: Solution 

containing VGCF floc Bottom: Solution containing ACF and binder fibers b) Combining the two 

solutions and transferring it into a TAPPI hand-sheet former c) Preform of the filter media after 

draining the water d) Filter media after drying in air at 140°C 

3.2.3 Test Cell 
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In this study, the evaluation of filtration performance metrics, including Pressure Drop, 

Filtration Efficiency, Quality Factor, and NaCl loading capacity, was conducted using the same bench-

scale filtration setup depicted in Figure 2.4 and detailed in Chapter 2, Section 2.2.3. 

3.2.4 Physical Characterization 

Results were characterized using Scanning Electron Microscopy (SEM) and Energy-Dispersive 

x-ray Spectroscopy (EDS). The NaCl deposited onto various filter media under different filtration 

conditions was observed using a Zeiss EVO 50 SEM and quantified using INCA EDS. The EDS was 

used to determine chlorine-to-carbon ratio in different fibers, as well as to spatially map elements like 

chlorine and carbon, helping understand the filtration mechanism/s at play. 

3.3 Results and Discussion 

3.3.1 Optimal VGCF Content 

As illustrated in Figure 3.7, ACF media demonstrated the highest Quality Factor with an 

optimal VGCF content of 1.4%. This enhancement in Quality Factor with 1.4% VGCF is attributed to 

wall-slip, leading to increased filtration efficiency (Figure 3.6a), without anticipated increase in 

pressure drop. As VGCF content is increased to more than 1.4%, the pressure drop across the filter 

media starts to increase significantly as shown in Figure 3.6b. This is due to the reduction in mean pore 

diameter of the ACF media and higher drag force at higher VGCF content. 
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Figure 3.6 a) Filtration Efficiency b) Pressure drop curves of ACF media with different VGCF content 

The optimal amount of VGCFs (i.e. 1.4% vol) helps to change the conventional non-slip flow 

to slip flow, resulting in less flow resistance. In addition, slip flow makes air flow much closer to the 

fiber surface making it easier to entrap particulates, hence increasing filtration efficiency without 

anticipated pressure drop, as indicated by enhanced Quality Factor in Figure 3.7. 

 

 

Figure 3.7 Quality Factor of AU Nano-floc media with different VGCF content 

3.3.2 Pressure Drop 

Pressure drop corresponds directly to the energy consumption as it is indicative of the work 

done by pushing air through the filter [33], [111]. Higher pressure drop across a filter media causes 
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more energy to be expended to push air through it. Hence, it is critical to consider pressure drop as a 

performance metric to evaluate filter media. 

 

Figure 3.8 Pressure drop across ACF filter media with and without VGCF flocs at varying flow rates 

(NaCl challenge: 0 ppmw, 0-5% RH), Temperature 22°C 

The pressure drop of ACF filter media with and without VGCF floc was determined, as shown 

in Figure 3.8. The pressure drop increased marginally after adding VGCF flocs into it. However, this 

slight increase in pressure drop is negated by a huge improvement in filtration efficiency, which is 

presented and discussed in the next section. 

3.3.3 Filtration Efficiency  

Filtration efficiency (FE) refers to the ability of a filter to capture and retain particles (of specific 

size or range of size) from the air stream passing through it. It is expressed as a percentage. The 

filtration efficiency of a fibrous filter media is given by Equation 3.2, where FE is the filtration 

efficiency and nup and ndown are the number of aerosol particles before and after passing through the 

filter media [75]. 
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Figure 3.9 Filtration efficiency of ACF filter media with and without VGCF flocs under a) Low RH b) 

High RH conditions (NaCl loading: 0 gmNaCl/gmMedia, NaCl aerosol challenge: 0.32 ppmw, 

Temperature: 22°C) 

As indicated in Figure 3.9, the filtration efficiency of ACF media increased approximately by 

2X after embedding VGCF flocs into the media under both low and high RH filtration conditions. The 

integration of VGCF flocs into ACF media increases the external geometric surface area, resulting in 

higher filtration efficiency. The increase in filtration efficiency with surface area is explained by the 

single fiber filtration efficiency model. Figure 3.9 also indicates that there is no effect of RH on 

filtration efficiency of studied media. 

3.3.4 Quality Factor 

Filters are typically characterized by Quality Factor (QF) [112]. Quality Factor is a ratio of 

fractional capture of media to the pressure drop per unit thickness of the media. Mathematically, QF is 

defined as the ratio of logarithm of particle penetration to pressure drop [10]. It is used to determine 

the performance of a filter media and is defined by Equation 3.3, where FE is the filtration efficiency 

and ȹP is the pressure drop across the filter media [113]. A large quality factor represents excellent 

filtration performance. 
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Figure 3.10 Quality Factor of ACF filter media with and without VGCF flocs under a) Low RH b) 

High RH conditions (NaCl loading: 0 gmNaCl/gmMedia, NaCl aerosol challenge: 0.32 ppmw, 

Temperature: 22°C) 

The QF of ACF filter media, under both low and high RH conditions, is approximately 2X 

higher when VGCF flocs are embedded in the filter media, as demonstrated in Figure 3.10. This is 

attributed to slip-flow occurring over nanofiber surfaces of VGCFs. The slip flow enables capture of 

particles without the anticipated pressure drop increase. Additionally, the VGCF flocs have high 

porosity with high surface to volume ratio, which also contributes to lower flow resistance. Figure 3.10 

also indicates no dependance of RH on Quality Factor. 

3.3.5 NaCl Loading Capacity 

NaCl loading capacity is the quantity of NaCl trapped and held by a filter media before reaching 

the maximum allowable back pressure drop (also known as the breakthrough point). The NaCl loading 

capacity of ACF media was evaluated with and without embedding VGCF flocs, as shown in Figure 

3.11, under both low and high RH filtration conditions. 



94 
 

 

Figure 3.11 NaCl loading capacity of ACF filter media with and without VGCF flocs under a) Low 

RH b) High RH conditions (NaCl aerosol challenge: 9.95 ppmw, Temperature 22°C) 

As shown in Figure 3.11a, it takes ACF media longer to reach breakthrough point without 

VGCF floc under low RH filtration conditions. This is because a lot of the NaCl particles bypass the 

media due to the presence of large pores between the fibers. The filtration efficiency of this media is 

unacceptably low to be used as a filter. Hence although NaCl loading capacity of ACF media is higher 

(0.047 gmNaCl/gmMedia) compared to of ACF media with flocs (0.026 gmNaCl/gmMedia), it has 

unacceptable filtration performance. On the contrary, ACF media with VGCF floc has both acceptable 

NaCl loading and filtration efficiency and thus effective for NaCl aerosol filtration. More importantly, 

at higher RH, ACF media without the floc does not reach a breakthrough point even after 12.6 hours 

of NaCl loading. Comparatively, ACF media with VGCF flocs reaches a breakthrough point (with a 

high NaCl loading of 0.108 gmNaCl/gmMedia) with acceptable filtration efficiency. 

The high NaCl loading in ACF media with VGCF flocs under high RH filtration condition is 

attributed primarily to wicking of aqueous NaCl into the VGCF flocs and secondarily to wicking and 

capillary condensation of aqueous NaCl into the intrafiber nanopores of ACFs. Due to higher pore 
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volume of VGCF flocs, it behaves like a sponge and absorbs larger quantity of aqueous NaCl, thus 

significantly improving NaCl loading capacity of the filter media. RH cycling can be performed to 

concentrate more NaCl into both flocs and ACFs until the pores reach saturation, as depicted in Figure 

3.12. 

 

Figure 3.12 NaCl loading mechanisms in graphite media, VGCF floc and ACF media 

3.3.6 SEM and EDS 

SEM and EDS were performed to confirm the transport and storage of NaCl into the VGCF 

nanoflocs as well as nanopores of ACFs. SEM and Chlorine mapping provided visual assessment of 

NaCl distribution within the filter media, while EDS spectra were utilized to quantify the chlorine-to-

carbon ratio in fibers. Table 3-1 presents the filter samples and corresponding filtration conditions 

under which SEM and EDS analyses were conducted. All samples were loaded for 2 hours with 9.95 

ppmw NaCl aerosol. 

 Low RH (0-5%)  High RH (75%) 

1. ACF Media (without VGCF flocs) 2. ACF Media (without VGCF flocs) 
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3. ACF Media (with VGCF flocs) 4. ACF Media (with VGCF flocs) 

Table 3-1 Filter media samples and filtration conditions for SEM and EDS analysis 

3.3.6.1 ACF media without VGCF flocs 

NaCl at a concentration of 9.95 ppmw was applied to ACF media without VGCF flocs under 

both low and high RH conditions for a period of 2 hours. Figure 3.13 displays the SEM images of the 

filter media after the 2-hour NaCl aerosol loading period. 

3.3.6.1.1 SEM (low RH vs high RH) 

As shown in Figure 3.13a, at low RH, NaCl aerosols exhibit a dendritic deposition pattern on 

both ACF fibers and binder fibers. Conversely, at high RH levels, the deposited NaCl aerosols 

demonstrate a more crystalline structure, as depicted in Figure 3.13b. This occurs because at high RH, 

NaCl aerosols exist in a liquid state. During SEM analysis, the water is eliminated via vacuum, leading 

to the formation of solid crystalline NaCl on the fiber surfaces. 

 

 

Figure 3.13 SEM of ACF media (without VGCF flocs) loaded with NaCl under a) low RH condition 

b) high RH condition (Duration of loading: 2 hours, NaCl aerosol concentration: 9.95 ppmw) 
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3.3.6.1.2 EDS (low RH vs high RH) 

In Figure 3.14a, the SEM reveals the development of dendritic NaCl formations on the surface 

of ACF fibers during filtration under low RH conditions. Figure 3.14b displays the EDS spectrum, 

indicating a chlorine-to-carbon ratio of 0.005 for the ACF fiber. Figures 3.14c and 3.14d present the 

corresponding carbon and chlorine mapping of Figure 3.14a. Figure 3.14d, further confirms that the 

solid dendritic NaCl uniformly deposited on the surface of the ACF fibers is indeed NaCl. 

 

Figure 3.14 a) SEM of ACF media (without floc) loaded with NaCl under low RH condition b) EDS 

spectrum of the selected area in figure a c) Carbon map of figure a d) Chlorine map of figure a 
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Figure 3.15a illustrates the presence of crystalline NaCl deposited on the surface of ACF fibers 

during filtration under high RH conditions. Figure 3.15b shows the EDS spectrum with a corresponding 

chlorine-to-carbon ratio of 0.009. This higher chlorine content in the ACF under high RH conditions, 

compared to low RH conditions, suggests that aqueous NaCl transports more easily directly into the 

intrafiber nanopores of ACF. The chlorine mapping in Figure 3.15d confirms that the crystalline 

structure on the ACF surface is indeed NaCl. Additionally, the presence of crystalline NaCl also 

indicates wicking and capillary condensation of aqueous NaCl in ACF nanopores at high RH 

conditions, which crystallize on the ACF surface during EDS analysis due to water removal during 

vacuuming. 

 

Figure 3.15 a) SEM of ACF media (without floc) loaded with NaCl under high RH condition b) EDS 

spectrum of the selected area in figure a c) Carbon map of figure a d) Chlorine map of figure a 
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3.3.6.2 ACF media with VGCF flocs 

NaCl at a concentration of 9.95 ppmw was also introduced to ACF media with VGCF flocs 

under both low and high RH conditions for 2 hours. The SEM images of the filter media following this 

2-hour NaCl aerosol loading period are presented in Figure 3.16. 

3.3.6.2.1 SEM (low RH vs high RH) 

 

Figure 3.16 SEM of ACF media (with VGCF flocs) loaded with NaCl under a) low RH condition b) 

high RH condition (Duration of loading: 2 hours, NaCl aerosol concentration: 9.95 ppmw) 

As shown in Figure 3.16a, under low RH conditions, the NaCl aerosol deposit in a dendritic 

form primarily within the VGCF nanofiber flocs, and secondarily on the surface of ACFs. This 

preferential deposition of NaCl within VGCF floc at low RH is due to slip-flow occurring over 

nanofiber surfaces of VGCF flocs, enabling easier capture of NaCl aerosols. Under high RH conditions, 

the NaCl aerosols deposit in crystalline form across all fibers, but predominantly within the VGCF 

flocs, as depicted in Figure 3.16b. Again, this crystallization of NaCl is due to removal of water from 

aqueous NaCl deposited at high RH via vacuum during SEM. The preferential deposition of NaCl 

crystals within the VGCF flocs at high RH is due to the absorption of liquid NaCl droplets into its large 

pore volume in a sponge-like manner. 
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3.3.6.2.2 EDS (low RH vs high RH) 

 

Figure 3.17 a) SEM of ACF media (with VGCF floc) loaded with NaCl under low RH condition b) 

EDS spectrum of the selected portion of ACF fiber in figure a c)  EDS spectrum of the selected portion 

of VGCF floc in figure a d) Carbon map of figure a e) Chlorine map of figure a 

Figure 3.17a illustrates the SEM of ACF media with VGCF flocs loaded with NaCl aerosols 

under low RH condition. Figure 3.17b shows the EDS spectrum of a VGCF floc with chlorine-to-

carbon ratio of 0.015. More interestingly, Figure 3.17c depicts the EDS spectrum of an ACF with 

chlorine-to-carbon ratio of 0.015, which is higher than the chlorine-to-carbon ratio of 0.005 in ACF in 

the ACF media without VGCF flocs. This suggests that when VGCF floc is present, the chlorine 

content increases in ACF as well. This increase can be attributed to the transport of NaCl from VGCF 

flocs to ACF through highly interconnected pores between ACF and VGCF flocs. Furthermore, 

chlorine mapping in Figure 3.17e provides additional confirmation that NaCl aerosols are uniformly 

loaded into both VGCF flocs and ACFs. 
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Figure 3.18 a) SEM of ACF media (with VGCF floc) loaded with NaCl under high RH condition b) 

EDS spectrum of the selected portion of ACF fiber in figure a c)  EDS spectrum of the selected portion 

of VGCF floc in figure a d) Carbon map of figure a e) Chlorine map of figure a 

Figure 3.18a shows the SEM of the ACF media with VGCF flocs loaded with NaCl aerosols 

under high RH conditions. Crystalline NaCl is seen primarily within VGCF floc and to a lesser extent 

in other fibers. Figure 3.18b displays the EDS spectrum of an ACF, showing a chlorine-to-carbon ratio 

of 0.021. This high chlorine content in ACF is attributed to direct wicking and pore condensation of 

aqueous NaCl into the nanopores of ACF at high RH condition. The EDS spectrum of a VGCF floc 

with corresponding chlorine-to-carbon ratio of 0.025 is depicted in Figure 3.18c. This high chlorine 

content in VGCF floc is due to the absorption of liquid NaCl into the large pore volume of VGCF floc 

in a sponge-like fashion. Figure 3.18e further verifies the preferential loading of NaCl into the VGCF 

flocs. 

 




























































































































































